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Several approximate correlation methods have been assessed for bond breaking reactions in BH, HF,
and CH4 by comparison to the full configuration interaction limit. Second-order Møller–Plesset
perturbation theory, coupled-cluster singles and doubles~CCSD!, coupled-cluster with perturbative
triples @CCSD~T!#, and the hybrid density-functional method Becke three parameter Lee–Yang–
Parr have been considered. Both restricted and unrestricted references have been used along with the
basis sets aug-cc-pVQZ, 6-31G** , and 6-31G* for BH, HF, and CH4 respectively. Among the
methods considered, unrestricted CCSD and CCSD~T! provide potential energy curves which are
the most parallel to the benchmark full CI curves, but the nonparallelity errors are fairly large~up
to 6 and 4 kcal mol21, respectively!. Optimized-orbital coupled-cluster methods provide superior
results but nevertheless exhibit approximately the same maximum errors. ©2003 American























































It is well known that restricted Hartree–Fock~RHF! is
qualitatively incorrect for bond breaking, because near
dissociation limit there are two or more degenerate electro
configurations which cannot be described simultaneously
a single restricted Slater determinant. One may also n
that, by constraining both electrons in the breaking bond
occupy the same spatial orbital, the RHF wave function c
tains unphysical ionic terms at long distances. Although
restricted Hartree–Fock~UHF! can provide a potential
energy curve that breaks a bond qualitatively correctly,
results may be quantitatively poor, and the wave function
no longer an eigenfunction ofŜ2. One might expect the in
clusion of electron correlation to improve results for bo
breaking, since additional electron configurations are
cluded in the wave function, but this is not always the ca
Indeed, RHF-based second-order Møller–Plesset pertu
tion theory gives energies which diverge to negative infin
at the dissociation limit. While multireference methods li
CASPT21 can handle any type of bond breaking problem
principle, in practice the computations can become intr
table if large active spaces are required. Hence, an econ
cal and reliable description of bond breaking remains a c
lenge for electronic structure theory.
Within the Born–Oppenheimer approximation, the fu
configuration interaction~FCI! model represents the exa
solution of the electronic Schro¨dinger equation for the cho
sen one electron basis set. Because its computational
increases factorially with the number of electrons or orbita
full CI computations are only feasible for small chemic
systems with moderately sized basis sets. Nevertheless
CI benchmarks are invaluable for assessing the intrinsic
rors in various approximate models of electron correlati
a!Electronic address: sherrill@chemistry.gatech.edu1610021-9606/2003/118(4)/1610/10/$20.00





















They are particularly valuable for generating potential e
ergy curves, since they do not suffer from the multiconfig
rational nature of the wave function near the dissociat
limit. Several previous studies have provided full configu
tion interaction~CI! energies at a few~often three! geom-
etries along a potential energy curve.2–6
Advances in algorithms and computer hardware have
cently made it possible to obtain more complete full CI p
tential energy curves7–12 for some simple systems. For ex
ample, Olsen and co-workers have presented very us
polarized double-zeta full CI potential energy curves
bond breaking in several electronic states of the2
molecule10,11 and full CI energies for five geometries alon
the symmetric dissociation~breaking both bonds! of H2O.
The benchmark full CI results were compared to perturbat
theory and coupled-cluster models to indicate how these
proximate methods perform for very challenging cases. S
benchmarks are essential for the calibration of new theor
cal models meant to describe bond breaking processes.13–18
The present scarcity of such benchmark potential ene
curves makes it unclear how well many of the standard c
relation methods perform for different types of bond brea
ing. In the present study, we present full CI potential ene
curves for three molecules~BH, HF, CH4) in which a bond
to hydrogen is broken. This should represent a comm
chemically important process which one might expect to
the easiest bond breaking process for standard quan
chemical methods to describe accurately. We compare v
ous approximations to the full CI results, including secon
order Møller–Plesset perturbation theory~MP2!,19 coupled-
cluster singles and doubles~CCSD!,20,21 coupled-cluster
singles and doubles with perturbative triples@CCSD~T!#,22
and the B3LYP gradient-corrected hybrid density-function
theory model.23,24 Both restricted and unrestricted orbita
are considered.0 © 2003 American Institute of Physics
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pVQZ basis using full configuration interaction an
























ultsPrevious high-quality benchmarks for the molecu
considered in this study include double zeta plus polariza
~DZP! FCI results for three geometries of HF,2 a DZP FCI
potential energy curve for BH9, and 6-311 1G(d f ,p) mul-
tireference CI results25 for the breaking of a single C–H
bond in CH4. The present work provides much more com
plete full CI potential energy curves, with a much larg
basis set~aug-cc-pVQZ! in the case of BH. The role of spin
contamination in some unrestricted perturbation theory
coupled-cluster descriptions of bond breaking in these m
ecules has previously been studied by Chen and Schle26
and by Krylov,15 who compared to earlier, more approxima
benchmark potential energy curves. The present res
should prove useful in the calibration of new theoretic
methods for bond breaking.
II. THEORETICAL APPROACH
The molecules considered in this study are BH, HF, a











correlation consistent polarized valence quadruple zeta b
sets, denoted by cc-pVQZ and aug-cc-pVQZ.27,28 The aug-
mented basis set adds an extra set of diffuse functions
each angular momentum in the basis. We have used the
dard split-valence polarized double-zeta basis sets 6-3*
for methane and 6-31G** for HF.29,30 The 6-31G** basis
was recently shown to be among the best polarized dou
zeta basis sets for full CI benchmarking.31 We have per-
formed MP2,19 CCSD,20 CCSD~T!,22 FCI, and B3LYP23,24
calculations for all three molecules over a wide range
geometries. FCI and all computations using restricted or
als ~except for B3LYP! are obtained using thePSI 3.0
package,32 and all other computations employedQ-CHEM
2.0.33 Full CI procedures employed theDETCI module of
PSI.34 For convenience, methods using unrestricted orbi
are denoted with a prefix ‘‘U,’’ as in UMP2, UCCSD, etc
The frozen core approximation has been used for all th
molecules. For BH, B3LYP results are not reported beca
of a limitation in theQ-CHEM program for density-functiona
theory computations with quadruple zeta basis sets. Resc-
n
FIG. 2. Potential energy curves for BH in an aug-c
pVQZ basis using various approximate correlatio


























1612 J. Chem. Phys., Vol. 118, No. 4, 22 January 2003 A. Dutta and C. D. Sherrillhave been obtained using the largest abelian subgroup, w
is C2v for BH and HF andCs for CH4. For methane, the
potential energy curve was obtained by altering the length
a single C–H bond while keeping the remaining three C
bonds at their equilibrium bond length~1.086 Å!35 and the
HCH angles at the tetrahedral value. The number of dete
nants in the full CI wave functions are 15,132,412~aug-cc-
pVQZ BH!; 3,756,816 ~6-31G** HF!; and 26,755,625
~6-31G* CH4).
TABLE I. Full CI total energies and errors for approximate correlati
methods~hartrees! for BH using the aug-cc-pVQZ basis.
R~HF!/Å FCI RHF MP2 CCSD CCSD~T!
0.8 225.081 635 0.103 300 0.024 536 0.002 575 0.000 4
0.9 225.162 689 0.102 950 0.024 592 0.002 570 0.000 4
1.0 225.206 668 0.103 003 0.024 792 0.002 592 0.000 4
1.1 225.227 984 0.103 417 0.025 140 0.002 639 0.000 4
1.2 225.235 431 0.104 163 0.025 642 0.002 710 0.000 4
1.3 225.234 478 0.105 216 0.026 302 0.002 809 0.000 5
1.4 225.228 572 0.106 550 0.027 122 0.002 935 0.000 5
1.6 225.209 827 0.109 979 0.029 250 0.003 284 0.000 5
1.8 225.188 685 0.114 305 0.032 035 0.003 782 0.000 6
2.0 225.168 838 0.119 441 0.035 486 0.004 444 0.000 7
2.2 225.151 628 0.125 375 0.039 626 0.005 288 0.000 8
2.4 225.137 469 0.132 146 0.044 472 0.006 320 0.000 7
2.6 225.126 368 0.139 762 0.049 980 0.007 516 0.000 3
2.8 225.118 093 0.148 134 0.056 000 0.008 81820.000 539
3.0 225.112 226 0.157 031 0.062 240 0.010 12320.002 119
3.2 225.108 253 0.166 129 0.068 328 0.011 32620.004 532
3.4 225.105 660 0.175 101 0.073 901 0.012 35720.007 735
3.6 225.104 013 0.183 682 0.078 672 0.013 18820.011 519
3.8 225.102 983 0.191 702 0.082 459 0.013 82820.015 576
4.0 225.102 345 0.199 075 0.085 182 0.014 30520.019 594
4.2 225.101 951 0.205 779 0.086 829 0.014 6520.023 320
4.4 225.101 708 0.211 833 0.087 439 0.014 90120.026 595
4.6 225.101 557 0.217 275 0.087 080 0.015 07720.029 346
4.8 225.101 464 0.222 159 0.085 837 0.015 20020.031 566
5.0 225.101 405 0.226 538 0.083 797 0.015 28520.033 294
5.2 225.101 367 0.230 468 0.081 052 0.015 34320.034 589
5.4 225.101 342 0.233 998 0.077 690 0.015 38320.035 520
5.6 225.101 326 0.237 175 0.073 793 0.015 40920.036 160
5.8 225.101 316 0.240 041 0.069 438 0.015 42720.036 569
6.0 225.101 308 0.242 633 0.064 695 0.015 43820.036 800Downloaded 24 Apr 2013 to 130.207.50.154. This article is copyrighted as indicated in the abstract.ich
f
i-
III. RESULTS AND DISCUSSION
The potential energy curves for the ground state of B
using the aug-cc-pVQZ basis set are displayed in Figs. 1
2 for RHF and UHF references, respectively. Tables I and
provide full CI benchmark energies and the relative err
for the different correlation methods considered. These er
are presented graphically in Fig. 3. Results using the nona
mented basis cc-pVQZ were very similar and are availa
TABLE II. Error vs FCI for BH ~hartrees! using the aug-cc-pVQZ basis.
R~HF!/Å UHF UMP2 UCCSD UCCSD~T!
0.8 0.093 718 0.029 366 0.002 847 0.000 701
0.9 0.093 966 0.029 847 0.002 833 0.000 685
1.0 0.094 722 0.030 523 0.002 844 0.000 669
1.1 0.095 894 0.031 347 0.002 878 0.000 652
1.2 0.097 414 0.032 288 0.002 936 0.000 637
1.3 0.099 233 0.033 321 0.003 020 0.000 623
1.4 0.101 307 0.034 426 0.003 132 0.000 611
1.6 0.106 086 0.036 810 0.003 452 0.000 600
1.8 0.111 529 0.039 420 0.003 921 0.000 609
2.0 0.113 119 0.049 633 0.005 414 0.001 196
2.2 0.106 530 0.047 664 0.007 325 0.002 196
2.4 0.097 833 0.043 484 0.008 814 0.003 401
2.6 0.089 716 0.038 020 0.009 385 0.004 671
2.8 0.083 080 0.033 000 0.008 780 0.005 301
3.0 0.078 119 0.029 043 0.007 354 0.004 881
3.2 0.074 650 0.026 208 0.005 769 0.003 847
3.4 0.072 341 0.024 303 0.004 450 0.002 778
3.6 0.070 854 0.023 078 0.003 501 0.001 937
3.8 0.069 917 0.022 311 0.002 872 0.001 354
4.0 0.069 333 0.021 839 0.002 473 0.000 977
4.2 0.069 047 0.021 695 0.002 425 0.000 948
4.4 0.068 790 0.021 467 0.002 201 0.000 728
4.6 0.068 633 0.021 329 0.002 067 0.000 595
4.8 0.068 535 0.021 246 0.001 986 0.000 516
5.0 0.068 474 0.021 195 0.001 937 0.000 468
5.2 0.068 435 0.021 163 0.001 907 0.000 438
5.4 0.068 410 0.021 144 0.001 889 0.000 420
5.6 0.068 394 0.021 132 0.001 877 0.000 410
5.8 0.068 383 0.021 125 0.001 870 0.000 403
6.0 0.068 376 0.021 120 0.001 866 0.000 399i-
c-FIG. 3. Errors in potential energies for BH using var
ous approximate correlation methods with an aug-c






1613J. Chem. Phys., Vol. 118, No. 4, 22 January 2003 Full Cl potential energy curvesFIG. 4. Potential energy curves for HF in a 6-31G**
basis using full configuration interaction and variou
approximate correlation methods with restricte
orbitals.
FIG. 5. Potential energy curves for HF in a 6-31G**
basis using various approximate correlation metho
with unrestricted orbitals.
FIG. 6. Errors in potential energies for HF using var
ous approximate correlation methods with a 6-31G**
basis. B3LYP and UB3LYP error curves have be
shifted up by 70 kcal mol21.Downloaded 24 Apr 2013 to 130.207.50.154. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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Downloaded 24 Apr 2013 toTABLE III. Full CI total energies and errors for approximate correlation methods~hartrees! for HF using the
6-31G** basis.
R~HF!/Å FCI RHF MP2 CCSD CCSD~T! B3LYP
0.7 2100.099 608 0.178 509 0.007 192 0.002 177 0.000 28420.225 693
0.75 2100.148 949 0.181 376 0.007 112 0.002 254 0.000 31620.225 268
0.8 2100.178 698 0.184 127 0.007 040 0.002 339 0.000 35120.225 175
0.85 2100.194 685 0.186 782 0.006 984 0.002 435 0.000 38820.225 321
0.9 2100.201 051 0.189 360 0.006 957 0.002 541 0.000 42620.225 664
0.95 2100.200 742 0.191 886 0.006 973 0.002 659 0.000 46620.226 100
1.0 2100.195 856 0.194 385 0.007 046 0.002 794 0.000 50720.226 564
1.1 2100.177 901 0.199 407 0.007 416 0.003 120 0.000 59220.227 422
1.2 2100.154 778 0.204 653 0.008 169 0.003 536 0.000 68020.227 920
1.3 2100.130 510 0.210 354 0.009 395 0.004 061 0.000 77020.227 833
1.4 2100.107 251 0.216 722 0.011 173 0.004 719 0.000 85320.226 984
1.6 2100.067 574 0.232 020 0.016 561 0.006 524 0.000 90120.222 488
1.8 2100.038 851 0.250 967 0.024 250 0.009 022 0.000 45220.213 900
2.0 2100.020 326 0.272 872 0.033 203 0.011 957 20.001 117 20.202 035
2.2 2100.009 516 0.296 068 0.041 523 0.014 821 20.004 311 20.188 487
2.4 2100.003 626 0.318 633 0.047 267 0.017 210 20.009 067 20.175 015
2.6 2100.000 541 0.339 220 0.049 193 0.019 005 20.014 790 20.162 857
2.8 299.998 957 0.357 234 0.046 877 0.020 276 20.020 728 20.152 310
3.0 299.998 147 0.372 578 0.040 506 0.021 153 20.026 270 20.143 749
3.2 299.997 728 0.385 410 0.030 621 0.021 753 20.031 035 20.136 993
3.4 299.997 509 0.396 010 0.017 907 0.022 164 20.034 845 20.131 480
3.6 299.997 395 0.404 702 0.003 045 0.022 444 20.037 679 20.127 348
3.8 299.997 337 0.411 813 20.013 353 0.022 634 20.039 627 20.124 166











hefrom the authors. One striking feature of the results is
very poor behavior of MP2 and CCSD~T! at large distances
when using an RHF reference. The MP2 energies dive
toward negative infinity, and the CCSD~T! energies drop be
low FCI around 3 Å and appear to level off around 6 Å at a
value more than 20 kcal mol21 below the FCI dissociation
limit. These methods are able to produce energies below




tation value formula for the energy, and hence they are
subject to the variational theorem. The poor performance
MP2 and CCSD~T! arises from the inapplicability of nonde
generate perturbation theory in cases of strong ne
degeneracies as occur at large bond distances. RHF C
appears to be immune to these difficulties in this case, p
viding energies which never drop below FCI. However, t
good performance of CCSD near equilibrium~absolute en-TABLE IV. Error vs FCI for HF ~hartrees! using the 6-31G** basis.
R~HF!/Å UHF UMP2 UCCSD UCCSD~T! UB3LYP
0.7 0.178 509 0.007 192 0.002 177 0.000 284 20.225 693
0.75 0.181 376 0.007 112 0.002 254 0.000 316 20.225 268
0.8 0.184 127 0.007 040 0.002 339 0.000 351 20.225 175
0.85 0.186 782 0.006 984 0.002 435 0.000 388 20.225 321
0.9 0.189 360 0.006 957 0.002 540 0.000 426 20.225 664
0.95 0.191 886 0.006 973 0.002 659 0.000 466 20.226 100
1.0 0.194 385 0.007 046 0.002 794 0.000 507 20.226 564
1.1 0.199 407 0.007 416 0.003 119 0.000 592 20.227 422
1.2 0.204 654 0.008 169 0.003 536 0.000 680 20.227 920
1.3 0.210 323 0.011 937 0.004 082 0.000 817 20.227 833
1.4 0.209 535 0.039 107 0.005 179 0.001 508 20.226 984
1.6 0.190 964 0.048 227 0.008 184 0.002 334 20.222 448
1.8 0.169 998 0.038 544 0.010 875 0.003 873 20.221 766
2.0 0.154 528 0.027 967 0.010 800 0.006 085 20.222 973
2.2 0.145 003 0.020 653 0.008 142 0.005 720 20.223 331
2.4 0.139 706 0.016 391 0.005 362 0.003 819 20.222 661
2.6 0.136 920 0.014 103 0.003 505 0.002 209 20.221 625
2.8 0.135 496 0.012 925 0.002 455 0.001 223 20.220 444
3.0 0.134 779 0.012 333 0.001 903 0.000 689 20.219 649
3.2 0.134 423 0.012 042 0.001 625 0.000 416 20.219 193
3.4 0.134 249 0.011 901 0.001 488 0.000 281 20.218 401
3.6 0.134 166 0.011 834 0.001 424 0.000 217 20.218 653
3.8 0.134 127 0.011 804 0.001 394 0.000 188 20.218 661
4.0 0.134 110 0.011 791 0.001 381 0.000 175 20.218 470 Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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1615J. Chem. Phys., Vol. 118, No. 4, 22 January 2003 Full Cl potential energy curvesFIG. 7. Potential energy curves for CH4 in a 6-31G*
basis using full configuration interaction and variou




































ergy errors of less than 2 kcal mol21! degrades significantly
for larger bond distances and errors become more tha
kcal mol21 near dissociation.
Methods using a UHF reference perform significan
better in general, which is not surprising given that UHF
able to dissociate BH at least qualitatively correctly, unli
RHF. BH is unusual in that it is a closed-shell molecule w
a UHF solution below the RHF solution even at the equil
rium geometry. UHF and UMP2 both significantly undere
timate the dissociation energy, by;18 and 7 kcal mol21,
respectively. The UMP2 potential energy curve has an
usual shape in the intermediate bond breaking region, w
the energy rising too rapidly around 2 Å and eventually lev-
eling off to a dissociation limit which is too low. It is inter
esting to note that the error for UMP2 is larger than
restricted MP2 around equilibrium, and this difference
creases in the intermediate bond breaking region to arou
kcal mol21. Near 2.4 Å the MP2 and UMP2 error curve
intersect, and the UMP2 errors become smaller at larger
ternuclear distances.
The unrestricted CCSD and CCSD~T! results are much









near dissociation. Like UMP2, they also rise too rapidly
the intermediate region, although not as severely. There
small region of intermediate geometries~2.2–2.6 Å! in
which errors for CCSD with unrestricted orbitals becom
noticeably larger than CCSD with restricted orbitals,
though the difference is much less~around 1 kcal mol21!
than for MP2 versus UMP2.
To help quantify how well the approximate methods p
allel the full CI potential energy curves, we have comput
‘‘nonparallelity’’ errors ~NPE! for each approximate method
This error is defined as the difference between the abso
maximum and minimum deviations from the FCI potent
curve over the points considered. The NPE would, therefo
be zero if a curve differed from the FCI curve by a consta
shift. The NPE’s are tabulated in Table VII, along with th
minimum and maximum errors. Generally, the smallest
rors occur near equilibrium for RHF references, but at
dissociation limit for UHF references. NPE’s are not giv
for RHF and restricted MP2 and B3LYP, since the maximu
error is not well defined for these cases. For BH, we find t
unrestricted orbitals give much smaller NPE’s than restric
orbitals, but the errors remain fairly large, around 5 andds
FIG. 8. Potential energy curves for CH4 in a 6-31G*
basis using various approximate correlation metho
with unrestricted orbitals. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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Downloaded 24 Apr 2013 toTABLE V. Full CI total energies and errors for approximate correlation methods~hartrees! for CH4 using the
6-31G* basis.
R~HF!/Å FCI RHF MP2 CCSD CCSD~T! B3LYP
0.8 240.253 342 0.157 564 0.022 491 0.002 934 0.000 40620.164 354
0.9 240.320 513 0.158 587 0.022 772 0.003 024 0.000 41620.163 074
1.0 240.349 369 0.159 802 0.023 179 0.003 139 0.000 43020.162 354
1.1 240.356 202 0.161 219 0.023 745 0.003 285 0.000 44920.162 013
1.2 240.350 579 0.162 871 0.024 515 0.003 470 0.000 47220.161 852
1.4 240.322 605 0.167 125 0.026 867 0.003 983 0.000 53720.161 383
1.6 240.289 114 0.173 161 0.030 580 0.004 748 0.000 62220.159 666
1.8 240.258 549 0.181 541 0.035 834 0.005 841 0.000 69720.156 035
2.0 240.233 555 0.192 524 0.042 646 0.007 312 0.000 67420.150 357
2.2 240.214 618 0.205 980 0.050 799 0.009 116 0.000 37320.142 795
2.4 240.201 257 0.221 377 0.059 725 0.011 105 20.000 444 20.133 774
2.6 240.192 439 0.237 891 0.068 541 0.013 048 20.001 967 20.123 953
2.8 240.186 932 0.254 630 0.076 276 0.014 749 20.004 200 20.114 069
3.0 240.183 629 0.270 847 0.082 108 0.016 109 20.006 936 20.104 641
3.2 240.181 699 0.306 109 0.086 993 0.017 125 20.009 856 20.096 071
3.4 240.180 583 0.299 797 0.086 181 0.017 849 20.012 659 20.088 552
3.6 240.179 941 0.312 018 0.084 199 0.018 351 20.015 147 20.082 097
3.8 240.179 569 0.322 621 0.079 783 0.018 695 20.017 231 20.076 739
4.0 240.179 356 0.331 653 0.073 306 0.018 929 20.018 911 20.072 366
4.2 240.179 234 0.339 239 0.065 196 0.019 091 20.020 229 20.068 856
4.4 240.179 167 0.345 551 0.055 866 0.019 205 20.021 245 20.066 080













nalkcal mol21 for CCSD and CCSD~T!, respectively. Although
CCSD was superior to CCSD~T! when restricted orbitals
were used, with unrestricted orbitals, CCSD~T! is once again
more reliable than CCSD.
Potential energy curves for HF in a 6-31G** basis are
given in Figs. 4 and 5 for restricted and unrestricted orbit
respectively. Errors against full CI are presented in Fig. 6
in Tables III and IV. The potential energy curves follow th
same trends as in BH, except that the UHF solution n
matches RHF up to a certain critical bond length~around 1.4
Å!, which is the more typical situation. Again, restricte 130.207.50.154. This article is copyrighted as indicated in the abstract.,
d
w
MP2 diverges to negative infinity for large bond distanc
and restricted CCSD~T! gives energies which are far too low
at dissociation. Unrestricted orbitals generally improve
MP2 and coupled-cluster results except for the intermed
region around the RHF–UHF instability point, where th
introduce a slightly larger error for UCCSD and a signi
cantly larger error for UMP2. The nonparallelity errors
Table VII show similar trends as for BH, but they are un
formly larger ~NPE’s for restricted CCSD, UHF, and UMP
are all larger by several kcal mol21!. For HF, we have also
obtained results using the popular B3LYP density-functioTABLE VI. Error vs FCI for CH4 ~hartrees! using the 6-31G* basis.
R~HF!/Å UHF UMP2 UCCSD UCCSD~T! UB3LYP
0.8 0.157 564 0.022 491 0.002 934 0.000 406 20.164 350
0.9 0.158 587 0.022 772 0.003 024 0.000 416 20.163 063
1.0 0.159 802 0.023 179 0.003 139 0.000 430 20.162 373
1.1 0.161 219 0.023 745 0.003 285 0.000 450 20.162 049
1.2 0.162 871 0.024 515 0.003 470 0.000 472 20.161 902
1.4 0.167 125 0.026 867 0.003 983 0.000 537 20.161 411
1.6 0.173 161 0.030 580 0.004 748 0.000 622 20.159 665
1.8 0.175 531 0.048 044 0.006 499 0.001 430 20.156 036
2.0 0.167 593 0.049 781 0.008 735 0.002 415 20.150 375
2.2 0.157 438 0.043 895 0.010 460 0.003 727 20.146 484
2.4 0.148 668 0.037 132 0.010 663 0.005 222 20.146 239
2.6 0.142 271 0.031 736 0.009 220 0.005 502 20.147 120
2.8 0.138 053 0.028 042 0.007 176 0.004 451 20.148 004
3.0 0.135 442 0.025 717 0.005 437 0.003 107 20.148 587
3.2 0.133 889 0.024 325 0.004 240 0.002 048 20.148 898
3.4 0.132 990 0.023 520 0.003 497 0.001 352 20.149 041
3.6 0.132 479 0.023 064 0.003 060 0.000 932 20.149 082
3.8 0.132 194 0.022 811 0.002 813 0.000 691 20.149 086
4.0 0.132 038 0.022 674 0.002 678 0.000 558 20.149 081
4.2 0.131 956 0.022 602 0.002 606 0.000 487 20.148 954
4.4 0.131 913 0.022 565 0.002 569 0.000 450 20.149 057
4.6 0.131 892 0.022 547 0.002 550 0.000 432 20.149 056 Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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ous approximate correlation methods with a 6-31G* ba-
sis. B3LYP and UB3LYP error curves have been shift































method. The B3LYP energies are much lower than full
and the B3LYP curves have been shifted upward in Figs
and 5 for easier comparison to the wave function ba
methods. Although B3LYP exhibits large errors for restrict
orbitals, unrestricted B3LYP remains fairly parallel to th
full CI curve. The NPE of UB3LYP and UCCSD are bo
about 6 kcal mol21; of the methods considered, on
UCCSD~T! provides a better result~3.7 kcal mol21!.
Potential energy curves for CH4 in a 6-31G* basis are
presented in Figs. 7 and 8; errors are given in Tables V
VI and displayed in Fig. 9. Although the errors for restrict
CCSD and CCSD~T! are a mere 3.3 and 0.4 millihartre
around equilibrium, they increase to around 19 and222 mil-
lihartree, respectively, around the dissociation limit~4.6 Å!.
The trends in the curves are very similar as for HF, althou
the difference between MP2 and UMP2 near the RHF–U
instability is smaller than in HF and is more similar to that
BH. The quality of UB3LYP is not as good for CH4 as for
HF, with the NPE growing to more than 11 kcal mol21.
UCCSD and UCCSD~T! are the two best methods in th






The observation that unrestricted orbitals lead to lar
errors for MP2 and CCSD in the intermediate bond break
region deserves further discussion. It should be pointed
once again that in this study we are examining the break
of bonds to hydrogen atoms, which ought to be the simp
case for single-reference methods. Indeed, Krylov15 has
shown that in the unusually challenging case of F2 , unre-
stricted orbitals can cause CCSD to exhibit unphysical
havior with very large errors in the bond breaking regio
Ideally, one would like some way to obtain results lik
CCSD with restricted orbitals around equilibrium and in t
intermediate region, with a smooth transition to UCCSD
the dissociation limit. Fortunately, there is a way to achie
this. Purviset al.36 suggested that orbitals which minimize
the CCD energy might prove useful in going between lim
like this for bond breaking problems. This optimized-orbit
coupled-cluster doubles~OO-CCD! approach was first teste
by Purvis and Bartlett20 and examined more fully by Scuse
ria and Schaefer,37 with the first efficient implementation an
examination of molecular properties by Sherrillet al.38 Con-
sistent with previous work,15 we find that OO-CCD allowinge
e-FIG. 10. Errors in potential energies for HF using th
6-31G** basis and coupled-cluster methods with r
stricted, unrestricted, and optimized orbitals. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
the
. The NP




Max Min NPE Max Min NPE Max Min NPE
RHF ¯ 64.6 ~0.9! ¯ ¯ 112.0 ~0.7b! ¯ ¯ 98.9 ~0.8b! ¯
MP2 ¯ 15.4 ~0.8b! ¯ ¯ 4.4 ~0.9! ¯ ¯ 14.1 ~0.8b! ¯
CCSD 9.7 ~6.0b! 1.6 ~0.9! 8.1 14.4 ~5.0b! 1.4 ~0.7b! 13.0 12.1 ~4.6b! 1.8 ~0.8b! 10.3
CCSD~T! 223.1 ~6.0b! 0.2 ~2.6! 23.3 226.6 ~4.8! 0.2 ~0.7b! 26.8 ¯ 0.2 ~2.2! ¯
B3LYP n/a ¯ 272.5 ~5.0b! ¯ ¯ 240.1 ~4.6b! ¯
UHF 71.0 ~2.0! 42.9 ~6.0b! 28.1 132.0 ~1.3! 84.1 ~5.0b! 47.8 110.1 ~1.8! 82.8 ~4.6b! 27.4
UMP2 31.1 ~2.0! 13.3 ~6.0b! 17.9 30.3 ~1.6! 4.4 ~0.9! 25.9 31.2 ~2.0! 14.1 ~0.8b! 17.1
UCCSD 5.9 ~2.6! 1.2 ~6.0b! 4.7 6.8 ~1.8! 0.9 ~5.0b! 6.0 6.7 ~2.4! 1.6 ~4.6b! 5.1
UCCSD~T! 3.3 ~2.8! 0.3 ~6.0b! 3.1 3.8 ~2.0! 0.1 ~5.0b! 3.7 3.5 ~2.6! 0.3 ~0.8b! 3.2
UB3LYP n/a 2143.0 ~1.2! 2137.1 ~5.0b! 5.9 2103.1 ~0.8! 291.8 ~2.4! 11.4
aErrors with the largest maximum and minimum absolute value are given. Some values for methods with very large or divergent errors are not listedE
is the difference between the magnitudes of the maximum and minimum errors.












































J.unrestricted orbitals~denoted here UOO-CCD! connects
smoothly between the CCSD and UCCSD behaviors at s
and long distances, respectively. Figure 10 demonstrate
sults for UOO-CCD and UOO-CCD~T! for the HF molecule.
Although UOO-CCD does not include single excitations, t
orbital optimization plays essentially the same role; UOO
CCD acts remarkably similar to CCSD to the left of the bo
breaking region, and it switches smoothly to near UCC
behavior at long distances. Although the error for UOO
CCD is usually smaller in the intermediate region, the ma
mum error is unfortunately about the same as in UCCSD.
also tested OO-CCD with restricted orbitals but found tha
does not improve significantly upon CCSD with RHF orb
als. UOO-CCD~T! behaves in the same qualitative manner
UOO-CCD, acting as CCSD~T! before the bond breaking
region, and as UCCSD~T! afterward. UOO-CCD~T! shifts
from restricted to unrestricted behavior over the rangeRHF
51.8– 2.2 Å, compared to 1.4–2.0 Å for OO-CCD. A
though the errors for UOO-CCD~T! are generally less tha
for UCCSD~T!, the maximum errors, near 2.0 Å, are nea
the same~3.5 and 3.8 kcal mol21, respectively!.
IV. CONCLUSIONS
In this paper we have analyzed the performance of
MP2, CCSD, CCSD~T!, and B3LYP methods for bond
breaking reactions in the BH, HF, and CH4 molecules by
comparison to full CI results. In all three cases, in addition
the anticipated divergence of RHF and restricted MP2,
see very large errors in UHF and UMP2 at intermediate d
tances, and in restricted CCSD~T! at large distances. CCSD
and especially MP2 exhibit larger errors with unrestrict
than restricted Hartree–Fock orbitals in the intermedi
bond breaking region. UB3LYP appears to improve up
UMP2 but is inferior to UCCSD and UCCSD~T! for break-
ing bonds to hydrogen. Among the investigated models,
restricted CCSD and CCSD~T! are preferred because the
remain the most parallel to the full CI curve for all thre
molecules. However, it must be noted that all of the meth
considered give rather large nonparallelity errors, about
















ods. Accounting for orbital relaxation by variational optim
zation of the orbitals at the CCD level, rather than by sin
xcitations, gives a method which behaves as well as CC
at short internuclear distances and as well as UCCSD at l
distances. The resulting UOO-CCD and UOO-CCD~T! ap-
proaches clearly improve upon their counterparts based
Hartree–Fock orbitals, but have nearly the same maxim
errors as UCCSD and UCCSD~T!, respectively. Breaking
bonds to atoms other than hydrogen is expected to be e
more challenging for single-reference methods, and we
pursue such systems in future work.
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